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Abstract: The transport characteristics of waste glass powder incorporated self-compacting concrete
(SCC) for a number of different durability indicators are reported in this paper. SCC mixes were cast
at a water to binder ratio of 0.4 using glass powders with a mean particle size of 10, 20 and 40 µm
and at cement replacement levels of 20, 30 and 40%. The oxygen permeability, electrical resistivity,
porosity and chloride diffusivity were measured at different ages from 3 to 545 days of curing.
The amount and particle size of the incorporated waste glass powder was found to influence the
durability properties of SCC. The glass incorporated SCC mixes showed similar or better durability
characteristics compared to general purpose (GP) and fly ash mixes at similar cement replacement
level. A significant improvement in the transport properties of the glass SCC mixes was observed
beyond 90 days.
Keywords: glass powder; self-compacting concrete; durability
1. Introduction
The durability of concrete can be defined as its ability to resist weathering action, chemical attack,
abrasion and any other mechanism of deterioration while preserving its original form. The degree of
deterioration is strongly related to the resistance of the cover layer to transport mechanisms, such as
permeation, absorption, and diffusion of gas and liquid [1]. The use of supplementary cementitious
materials (SCMs) in concrete helps in increasing resistance towards most of the durability related issues.
The benefits of using silica fume, fly ash, slag and calcined clay has been widely demonstrated [2–6].
The use of waste glass powder as a potential SCM has also received significant interest in the last two
decades [4,7–9]. The early age compressive strength for concrete containing glass powder is generally
lower than the equivalent PC concrete. Similar strength values for glass powered concrete however
have been reported at 90 days for replacement levels of up to 30% [10–12]. Further grinding of the
glass powder can reduce the average particle size and help to offset the lower early age compressive
strength [10,13]. Increasing the fineness and proportion of glass powder however has been shown to
negatively affect the workability of the mix [14,15]. The irregular angular shape of the glass particles is
responsible for the increased water demand compared to PC mixes. Numerous studies have reported
the implications of using glass powder on the fresh and mechanical properties of concrete; however,
limited information is available on the durability performance of such concrete.
The rapid development in the infrastructure sector around the world is expected to increase
the demand for cement from current the levels of ~4 billion tonnes to ~6 billion tonnes by 2050 [16].
The large carbon footprint associated with the cement industry makes it imperative to develop
sustainable solutions that promote the judicious use of materials and increased service life of concrete
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structures with minimal maintenance. The global supply of waste glass represents approximately ~3%
(130 million tonnes) of the total cement consumption [17]. While this a relatively small proportion it
does provide a possible option for diverting a waste stream from land fill and may be of particular
benefit in areas that have limited supplies of more traditional SCMs such as fly ash, slag or silica fume.
Establishing the durability characteristics of glass powder therefore is imperative to ensure its usage in
the concrete industry together with the potential economic and environmental benefits.
Concrete containing glass powder is often investigated for susceptibility of alkali silica reaction
(ASR) due to the presence of high alkali contents associated with glass. Research has shown that
the ASR could be mitigated by using finely ground glass powder in concrete typically smaller than
75 µm [8,11,15,18]. Moreover, using glass powder as a replacement for cement could help in reducing
the deleterious expansion associated with ASR.
Shayan and Xu (2006) [15] measured the permeation characteristics of glass powder concrete mixes
using rapid chloride penetration test (RCPT). A lower chloride penetrability was reported for glass
mixes as compared to the control mix. Nassar and Soroushian (2012) [19] also reported lower total charge
passing through glass concrete. This property was attributed to the refined pore structure resulting
from the densification of microstructure due to the pozzolanic reaction of glass. Lee et al. (2018) [20]
however, reported higher RCPT value and higher chloride diffusion coefficient measured using NT
492 for concrete containing 20% glass powder at 28 days as compared to PC. The chloride diffusivity
of the glass powder mixes was found to decrease as the hydration progressed. Sales et al. (2017) [21]
showed a reduction in permeability and increase in electrical resistivity of mortars with an increase
in the cement replacement level for fine glass powder particles. Schwarz et al. (2008) [8] compared
the moisture transport properties of concrete containing fly ash and glass powder at 10% cement
replacement level. The glass powder modified concrete performed better than fly ash and control mix
at both early and later ages.
Although a number of researchers have studied the durability of glass powder concrete for a
wide spectrum of issues including ASR, abrasion and sulfate attack, limited information is available on
the effect of different fineness and replacement levels of glass powder on the transport properties in
concrete. In this study, the major durability indicators: porosity, permeability, resistivity, shrinkage
and chloride migration for glass powder incorporated concrete are investigated from 3 to 545 days of
curing. The durability indicators provide a practical way to identify the likely performance of glass
powder containing SCC [22,23].
2. Methodology and Experiments
2.1. Materials
Crushed waste glass bottles were supplied by the Glass Packing Forum. The coarse crushed glass
(G) was thoroughly cleaned and subsequently ground in a ball mill to a mean particle size of 10 µm
(10G), 20 µm (20G) and 40 µm (40G). General purpose (GP) Portland cement conforming to ASTM
Type II and two different fly ashes one belonging each to Class C (FAC) and Class F (FAF) were used in
the study. The chemical composition of raw materials measured using X-ray fluorescence (XRF) is
given in Table 1. Rounded alluvial Greywacke sandstone was used as the fine and coarse aggregate
(sand fineness modulus (FM) = 2.7, coarse aggregate maximum aggregate size of 13 mm). The particle
size grading of the aggregates is summarized in Table 2.
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Table 1. Chemical composition of raw materials (%/100 g).
GP G FAF FAC
SiO2 20.76 70.35 49.87 39.77
Al2O3 3.54 2.01 21.88 16.96
Fe2O3 2.06 1.59 7.78 7.29
CaO 62.46 10.95 8.91 23.06
MgO 0.88 0.56 2.54 2.80
SO3 4.00 - 1.50 2.50
K2O 0.49 0.58 1.20 0.49
Na2O 0.24 12.88 0.50 1.91
TiO2 0.19 0.09 1.04 1.21
P2O5 0.16 0.03 0.20 0.29
MnO 0.07 0.08 0.06 0.05
LOI 4.54 0.90 3.31 4.02
Table 2. Particle size grading of fine and coarse aggregates.
Sieve Size (mm) 19.0 13.2 9.5 4.75 2.36 1.18 0.60 0.30 0.15 0.075
Fine Aggregate (% Passing) - - - 96 75 60 51 33 8 2
Coarse Aggregate (% Passing) 100 93 48 1 - - - - - -
2.2. Sample Preparation
A total of 8 different self-compacting concrete (SCC) mixes were investigated in this study at a
water to binder ratio of 0.4. A polycarboxylic ether-based superplasticizer was used to achieve the
target flow of 700 +/− 50 mm for the SCC mixes. The raw materials were dry mixed in a 90 L orbital
pan mixer for two minutes. Approximately 80% of the required water was added over a period of
one minute while mixing. The remaining 20% of water, which was premixed with super plasticizer,
was then added to the mixer. After the addition of all the water and superplasticizer, the material was
mixed for an additional 3 to 5 min. The high binder content helped to prevent segregation of the control
mix, while the use of glass powder and fly ash further aided in the stability of the mix such that viscosity
modifiers or stabilizing admixtures were not required for any of the mixes. The superplasticizer dosage
was varied to ensure a consistent spread for each mix. Cylindrical specimens of 100 mm diameter and
200 mm height were cast for durability testing and prisms of 75 × 75 × 280 mm were cast to measure
the drying shrinkage of concrete. After casting, the samples were placed in a temperature control room
maintained at 20 ◦C and 65% relative humidity for 24 h. Thereafter, the specimens were demolded and
cured in lime saturated water until the age of testing. Table 3 shows the mix design details. The GP,
FAF30% and FAC30% were the control mixes for comparison with the glass powder (G) SCC mixes.
Table 3. Details of mix proportion and concrete mix design.
Type
Proportion Binder (kg/m3) Aggregate (kg/m3)
Water(kg/m3)
GP FAF/FAC G GP FA G Fine Coarse
GP 1.00 - - 450 - - 900 850 180
FAF30% 0.70 0.30 - 315 135 - 900 850 180
FAC30% 0.70 0.30 - 315 135 - 900 850 180
10G30% 0.70 - 0.30 315 - 135 900 850 180
20G20% 0.80 - 0.20 360 - 90 900 850 180
20G30% 0.70 - 0.30 315 - 135 900 850 180
20G40% 0.60 - 0.40 270 - 180 900 850 180
40G30% 0.70 - 0.30 315 - 135 900 850 180
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2.3. Experiments
2.3.1. Drying Shrinkage Test
Drying shrinkage of concrete was determined in accordance with ASTM C157 (2010) [24], which
consists of measuring the drying shrinkage of prismatic specimens, having dimensions of 75 mm ×
75 mm × 280 mm, subject to a controlled drying environment. The specimens were removed from
the curing tank at the age of 7-days after casting. Immediately after removing the specimens and
wiping their surfaces dry, they were placed in the comparator. Afterward the initial measurement
all the specimens were placed in the drying room at a temperature of 23 ◦C and relative humidity of
50%. Drying shrinkage measurements of three replicate specimens were taken at 7, 14, 28, 56, 90 and
180 days of air-drying and an average value of drying shrinkage in micro-strain was reported for each
drying age. The shrinkage data provides an indication of long-term cracking risk, which could directly
influence the transport characteristics through concrete.
2.3.2. Oxygen Permeability Test
The ease of movement of fluids through a porous structure under an externally applied pressure
can be determined from the permeability test. The oxygen permeability test in this study was carried
out as described in [25]. This test method measures the pressure decay of oxygen passing through a
core of concrete placed in a falling head permeameter. Two 25 mm thick cores were cut from the centre
section of two SCC cylinders to obtain a total or 4 sample cores for testing. These slices were kept in an
oven at 50 ◦C for drying until their weight became constant, as suggested in ASTM C642 (2008) [26].
The oven-dried specimens were subjected initially to oxygen at a pressure of 100 kPa and the pressure
decay with time was monitored. The test was automated by using pressure transducers attached
to the data logger and was continued for either 8 h or until pressure dropped to 50 kPa, whichever
approached first. The coefficient of permeability was calculated by conducting a linear regression
analysis on the best-fit line achieved by plotting values of ln(Po/Pt) against t, where Po is initial pressure
reading at the start of the test, and Pt are subsequent pressure readings at times ‘t’ measured from
the time of reading of initial pressure. Four specimens were used to measure coefficients of oxygen
permeability at the curing ages of 3, 7, 28, 90, 180, 365 and 545 days and an average value for each
curing age was reported.
2.3.3. Porosity
In this study, same specimens used for the oxygen permeability test were also used for porosity
measurement. After the end of the permeability test, the specimens were vacuum saturated in tap
water and the volume of permeable voids was found according to the procedure described in ASTM
C642 (2008) [26].
2.3.4. Electrical Resistivity Test
Resistivity test provides a rapid indication of the likely resistance of concrete to the penetration
of chloride ions and the likely subsequent rate of corrosion. This test method consists of measuring
the electrical current passed through 25 mm thick slices extracted from concrete cylinders. The same
specimens used for oxygen permeability and porosity tests were used to perform the resistivity
measurements. The disc specimens were placed between two parallel stainless steel plates. Sponges
saturated with 5M NaCl was used to make electrical contact between concrete disks and steel plates.
An alternating current was applied across the specimen and the voltage was measured.
2.3.5. Bulk Diffusion Test
The apparent chloride diffusion coefficient was determined by bulk diffusion conforming to
ASTM C1556. Two samples with a thickness of 75 mm were sliced from all cast cylinders at ages of
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28, 90, 180, 365 and 545 days. The sides and bottom of the test specimens were sealed with an epoxy
coating leaving one concrete end face exposed. The sealed specimens were vacuum-saturated in a
calcium hydroxide solution, rinsed with tap water, and placed in a sodium chloride solution (165 g/L
of NaCl) for at least 35-days. When the exposure time was over, the test specimens were removed from
the sodium chloride solution and ten thin layers from 0 mm to 20 mm (2 mm each) were ground off
parallel to the exposed face of the specimens. Then, the acid-soluble chloride content of 4 gm sample
obtained from each layer was determined. The apparent chloride diffusion coefficients was calculated
using Fick’s law as described in ASTM C1556.
3. Results
3.1. Compressive Strength
The compressive strength results for different mixes from 28 to 545 days, along with the T500 times,
are summarized in Table 4. The early age compressive strength for all the fly ash and glass powder
mixes were lower than the GP control. The 20G30% and 20G40% replacement levels together with
the 40G30% replacement had the three lowest 28 day strengths with values between 43 and 47 MPa.
As hydration continued the gap between the GP control and FA and glass powder mixes narrowed.
The glass powder mixes shows the slowest strength development taking more than one year time
to attain similar strength values. In particular, the glass powder mixes with the largest particle size
were the slowest to gain strength. Figure 1 shows the compressive strength of mixes normalized with
respect to GP mix at the respective age. The continued strength development is attributed to the
formation of C-S-H arising from the pozzolanic activity of glass powder. The observations show the
importance of long-term investigation for such binder systems that have slower pozzolanic activity.
Similar, compressive strength characteristics have been reported for glass powder concrete mixes in
literature [11,27,28].
Table 4. Compressive strength (MPa) at different ages and flow time (Sec).
Compressive Strength at Age (Days) T500
28 90 180 365 545
GP 65.2 74.8 84.6 89.9 94.5 5.5
FAF30% 49.6 72.2 75.8 81.6 92.8 3.1
FAC30% 68.8 72.7 80.4 92.3 100.6 4.0
10G30% 59.5 66.4 71.1 75.0 91.8 4.0
20G20% 62.5 66.6 71.8 76.3 96.3 3.8
20G30% 43.5 55.5 62.7 72.5 83.3 4.2
20G40% 46.4 51.8 53.3 58.9 79.5 4.9
40G30% 45.8 51.3 55.2 62.0 75.9 4.8
The fresh properties of concrete can have a significant impact up on the long-term durability
of a structure. The presence of voids, as a result of compaction difficulties for instance, can be just
as important as either the type of binder or w/c ratio. The primary goal of this investigation was to
examine the effects of different glass powder replacement levels on the durability properties of the
concrete. As such, the target flow for all the mixes was set at 700 mm and the amount of superplasticizer
was allowed to vary to maintain the flow and minimize differences in the workability. It can be
seen from the T500 times reported in Table 4, that there was relatively little variation with the times
ranging from 3.1 s (FAF30%) to 5.5 s (GP) with most of the glass powder mixes between 4 and 5 s.
The differences between either the yield shear stress as indicated by slump flow (700 mm) or plastic
viscosity as indicated by T500 for the different mixes therefore were relatively small.



























Figure 1. Relative strength of mixes normalized with respect to general purpose (GP) mix at the
respective age.
3.2. Drying Shrinkage
Drying shrinkage of concrete is characterized by the time-dependent volume decrease due to
moisture migration and transfer when exposed to a relatively lower humidity environment. Figure 2
shows the drying shrinkage strain of the control mixes and glass powder mixes at 30% replacement
level for different particle size. GP concrete mix showed higher shrinkage measurements compared to
the fly ash and glass powder SCC mixes. The finer pore structure and consumption of larger quantity
of water in the pozzolanic reaction could reduce the evaporation of water due to drying. Mehdipour
et al. (2018) [29] reported a larger transformation of free water to bound water in cement binders
containing SCMs and hence a subsequent reduction in drying shrinkage due to the lower availability
of water for evaporation. The drying shrinkage of glass mixes decreased as the glass particle size
became finer, which can be related to the denser microstructure of concrete due to the presence of
finer glass, which suppressed drying shrinkage. The 40G30% mix showed higher drying shrinkage
compared to fly ash or the finer particle size glass powder mixes. The higher dry shrinkage could be
due to overall higher porosity (Section 3.3) of the concrete because of the slower pozzolanic reaction of
the coarser glass particles leading to a greater evaporation of water.
Figure 3 shows the drying shrinkage strain of the mixes at different glass powder replacement
level. The shrinkage strain was found to increase with an increase in the replacement level. However,
the drying shrinkage of 20G40% was similar to GP at 180 days. The higher permeable void volume
and lower consumption of water in the hydration process at the higher replacement level could be
the reason for higher shrinkage. Shayan and Xu [15] also reported an increase in drying shrinkage
strain with increase in glass replacement level. Overall the results indicate the glass powder SCC
mixes produced acceptable drying shrinkage values, below 0.075% after 56-days drying and met the
requirements of the Australian Standard AS 3600 [30].
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3.3. Oxygen Permeability
Figure 4 shows the oxygen permeability coefficient for the SCC mixes at different curing ages.
The GP concrete showed the highest permeability coefficient at all the ages. The permeability coefficient
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of fly ash concrete mixes were similar to GP concrete at 3 and 7 days, however, thereafter the
permeability coefficient continued to reduce for the fly ash mixes as hydration progressed whereas
the change in GP concrete was minimal. The lower permeability for fly ash mixes is associated with
refinement in pore structure due to the pozzolanic reaction, which in turn increases the tortuosity of
the network and thus hinders the free movement of the fluid [31,32]. The coefficient of permeability for
glass powder mixes at the same replacement level was seen to be affected by their particle size. A lower
resistance to gaseous permeation was observed for the coarser glass powder mixes. Similar to fly ash
mixes, the permeability coefficient continued to reduce with time. Moreover, due to the long-term
nature of the pozzolanic reaction, the advantages associated with glass replacement were more obvious
after a long period of curing. The 10G30% and 20G30% both showed lower permeability coefficients
compared to FAF30%. The finer particle size of glass powder helps in substantial pore refinement and
hence creating an impermeable and denser microstructure [33]. In addition, the impervious nature of
glass particle could also help in reducing the permeability. The 40G30% had a higher permeability as
compared to GP at early ages (3, 7 and 28 days), however, the permeability coefficient reduced with
progress in hydration. This shows that for coarser particle size, glass powder takes longer for the
pozzolanic reaction to progress, which is also evident from the compressive strength data. Sales et al.
(2017) [21] also reported similar observations of a reduction in oxygen permeability for mortar samples
comprising of glass powder. Chaid et al. (2014) 33 attributed the reason for lower permeability in glass
powder concrete to the formation of a denser microstructure. In line with the above results, Figure 5
shows the effect of glass replacement level on the permeability coefficient. The lower the replacement
level the greater was the permeation resistance. The 20G40% mix exhibited a higher permeability
than FAF30% until 365 days, however it showed similar value at 545 days, implying glass powder
mixes even at higher replacement level could achieve similar or better transport characteristics in the
long run.Appl. Sci. 2020, 10, x FOR PEER REVIEW 9 of 21 
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The results of the oxygen permeability against compressive strength for the different mixes
is provided in Figure 6. For same compressive strength concrete, lower permeability values were
observed for glass mixes irrespective of their fineness and replacement level as compared to either
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the GP or FAC30% mixes. It is well known that the compressive strength is not a good predictor of
durability performance particularly when comparing different binder types [34,35]. The compressive
strength however can provide an indication of likely relatively performance when comparing concrete
with the same general mix design. A correlation of 0.82 was obtained for power based relationship
between compressive strength and permeability for glass mixes (K = 2.18 × 10−9 f−1.33c ).
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3.4. Porosity
The void content of concrete measured using water absorption test is one of the most common
indicators used for assessing the durability of concrete. Figures 7 and 8 show the measured porosity
for concrete mixes at different ages. The porosity reduced with continued hydration for in all the
concrete mixes. The 10G30% SCC mix demonstrated a lower porosity as compared to other glass
mixes at similar replacement level as well as the control mixes. Along with the pozzolanic reaction
that assisted in the refinement of pore structure, the finer particle size of glass powder could help
to improve particle packing in the system, which resulted in a denser and less porous concrete [19].
The findings signify the importance of particle size distribution as the presence of finer particles in
the spaces between larger particles also acts to ‘refine’ the porosity. The porosity of 40G30% concrete
mix was similar to GP despite having lower compressive strength. This implies that the pozzolanic
reaction lead to precipitation of hydrates in the capillary pores which restricted the free movement of
water. The volume of permeable voids increased with an increase in the glass content. The similar
porosity values of 20G40% and 40G30% across ages show that the properties of concrete mixes with at
higher replacement level of cement with glass powder could be maintained by varying the fineness
of the glass powder. Shayan and Xu (2006) [15] reported similar results of an increase in volume of
permeable voids with an increase in the glass powder content. Conversely, Du and Tan (2017) [36]
showed a minimal change in porosity for up to 30% cement replacement level with glass powder,
however beyond this replacement level an increase in porosity was reported as observed in 20G40%
mix. A nonlinear inverse relationship was observed between coefficient of permeability and porosity
as shown in Figure 9.
As the porosity of the concrete increased the permeability of the concrete also increased. As with
the use of compressive strength as an indicator for durability, comparisons of overall porosity can
sometimes be misleading. A single total porosity number does not provide the pore size distribution
or tortuosity of the pore structure. As seen in Figure 9 a porosity of 9% would results in a coefficient of
permeability of approximately 2 × 10−11 for the GP binder system, while the glass mixes were closer to
1 × 10−11.Appl. Sci. 2020, 10, x FOR PEER REVIEW 11 of 21 
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3.5. Resi tivity
The determination of concrete electrical resistivity has become an important technique in the
evaluation of risk of corrosion associated with concrete structures [37,38]. The resistivity of concrete is
affected by numerous factors such as pore solution composition, degree of hydration, pore structure,
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moisture content and temperature [39]. Figure 10 compares the resistivity of control mixes and
glass powder mixes at 30% replacement. In agreement with the permeability and porosity results,
the electrical resistivity of all the SCC mixes increased with curing age. The increase in resistivity is
due to the continuous evolution of pore structure parameters due to hydration. The permeable void
space reduced due to the precipitation of the hydration products in the capillary space, which hinder
the mobility of ions, thereby resulting in an increase in resistivity of concrete. Carsana et al. (2014) [27]
reported six times lower resistivity for glass powder mortar as compared to GP.Appl. Sci. 2020, 10, x FOR PEER REVIEW 13 of 21 
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Figure 10. Electrical resistivity of SCC mixes at 30% cement replacement at different ages.
The replace e t f t it fl s lass po der resulted in an increase in lectrical
resistivity. The electrical resistivity of SC containi g glass powder increased as the glass particle size
became finer. A comparison of FAF30% and 20G30%, with both having a similar particle size, showed
higher electrical resistivity in glass powder containing mixes. Figure 11 shows a reduction in electrical
resistivity of with increase in glass replacement level. However, even at 40% replacement 20G40%
showed better electrical resistance as compared to PC.
The higher resistance towards flow of ions in SCM incorporated concrete is generally attributed to
a finer pore structure due to their pozzolanic reaction. A smaller threshold pore diameter has been
reporter for glass powder mixes containing up to 45% cement replacement compared to GP cement
using MIP measurement techniques [36]. The smaller the threshold pore diameter, the more tortuous
is the microstructure, which directly hinders the movement of ions. It should be noted, however,
that the resistivity of the concrete is also affected by the composition of the pore solution and the
pore solution composition of the concrete varies with w/c ratio, the degree of hydration, and use of
SCMs [38–40]. Nevertheless, changes in the pore structure of the concrete are generally considered to
have a greater effect on the measured electrical resistivity than changes in the pore solution composition
and concentration [40]. The permeability measurements, which are not dependent on the pore solution,
showed a similar behavior, implying the higher resistance offered in glass powder SCC is primarily due
to pore structure modification. Evaluation of the pore solution at the various replacement levels would
need to be conducted to accurately separate the contribution of the refinement in the pore structure
from any modification to the pore solution composition.
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The electrical resistivity and porosity values of SCC mixes at different ages are compared in
Figure 12. An inverse relationship was observed between the two indicators. As expected the higher
the porosity the lower was the electrical resistivity offer by the concrete. It is interesting to note that for
the electrical resistivity vs. porosity all the mixes seemed to show reasonably good agreement unlike
the permeability vs. strength comparison or the permeability vs. porosity comparison where the GP
samples clearly showed a difference in behavior.
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3.6. Chloride Diffusion Coefficient
The apparent chloride diffusion measured at the curing ages of 28, 90, 180, 365 and 545 days
for control mixes and 30% glass powder SCC mixes are shown in Figure 13, while the results for the
different levels of glass replacement are provide in Figure 14. The GP concrete showed the highest
chloride diffusion coefficient among all mixes. The fly ash and glass powder mixes showed lower
diffusion coefficient than GP at 28 days and continued to decrease with curing age. Du and Tan
(2017) [36] reported a reduction of 90% in the chloride diffusion coefficient for 30% glass powder
incorporated concrete as compared to GP control. The denser microstructure accompanied with refined
pores and lower connectivity contribute to the reduce diffusivity. Kamali and Ghahremaninezhad
(2015) [28] also reported a reduction in chloride penetrability with increase in glass powder content
in concrete. The time-dependent changes in diffusion coefficient due to continued hydration is often
represented by diffusion decay index (m) or ageing factor. Taking 28 days diffusion coefficient as








where Dt (m2/s) is the diffusion coefficient at time t (days), Dre f (m2/s) is the diffusion coefficient at tre f
28 days.
Appl. Sci. 2020, 10, x FOR PEER REVIEW 15 of 21 
refined pores and lower connectivity contribute to the reduce diffusivity. Kamali and 
Ghahremaninezhad (2015) [28] also reported a reduction in chloride penetrability with increase in 
glass powder content in concrete. The time-dependent changes in diffusion coefficient due to 
continued hydration is often represented by diffusion decay index (m) or ageing factor. Taking 28 
days diffusion coefficient as reference, the diffusion decay coefficient was calculated at the ages 90, 
180, 365 and 545 using the following equation: 
( )   
where  (m2/s) is the diffusion coefficient at time t (days),  (m2/s) is the diffusion coefficient at 
 28 days. 
 
Figure 13. Chloride diffusion coefficient of SCC mixes at 30% cement replacement at different ages. 































ff ffi i t t re lace e t at ifferent ages.
Appl. Sci. 2020, 10, 8058 15 of 20
Appl. Sci. 2020, 10, x FOR PEER REVIEW 16 of 21 
 
Figure 14. Chloride diffusion coefficient of SCC mixes containing glass powder with 20µm particle 
size at different replacement levels. 
The average diffusion decay index across all ages for different mixes are given in Table 5. The 
diffusion decay index values of glass powder mixes are larger than those for the fly ash mixes. The 
decay index of 40G30% and 20G40% are similar to FAF30% indicating glass powder could bring 
similar changes in the pore structure that restricts the movement of chloride ions even with coarser 
particle size and higher replacement level. The higher ageing factor values for glass SCC mixes could 
improve the service life of structure subjected to chloride-induced corrosion. 
Table 5. Diffusion decay index for different SCC mixes. 









A good correlation was observed between chloride diffusion coefficient and electrical resistivity 
(Figure 15). From the results, it can be inferred that electrical resistivity provides a reasonable estimate 
of the diffusion coefficient value, which is easier to perform and much faster. As with the strength vs. 
permeability comparison, the chloride diffusion coefficient vs. resistivity relationship is most 
accurate when evaluating similar mix deign compositions. Where prequalification of mixes for use 
in marine construction applications is conducted based on bulk chloride diffusion testing, the 
resistivity testing may provide a good indication of individual batch performance for SCC containing 
glass powder. 





























Figure 14. Chloride diffusion coefficient of SCC mixes containing glass powder with 20µm particle size
at different replacement levels.
a erage diffusion decay index across all ages for different mixes are given in Table 5.
The diffusion decay index values of glass powder mix s re larger t an th se for the fly ash mixes.
The decay index of 40G30% and 20G40% are similar to FAF30% indicating gla s po der l i
i il i t t t t t t i t t t f l i i it
ti l i i l t l l. i i f t l f l i l
i t i lif f t t j t t l i -i rr si .
iff ff .









A good correlation was observed between chloride diffusion coefficient and electrical resistivity
(Figure 15). From the results, it can be inferred that electrical resistivity provides a reasonable estimate
of the diffusion coefficient value, which is easier to perform and much faster. As with the strength vs.
permeability comparison, the chloride diffusion coefficient vs. resistivity relationship is most accurate
when evaluating similar mix deign compositions. Where prequalification of mixes for use in marine
construction applications is conducted based on bulk chloride diffusion testing, the resistivity testing
may provide a good indication of individual batch performance for SCC containing glass powder.
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The results from chloride diffusion coefficient and the time depend t decay oefficient “m” were
in good agreement with the previous durability index tests of poro ity, e meability and resistivity,
such that there was a decrease in m asur d performance with an increase i the glass particle size
and replacement level. The replacement of 20% glass powder resulted in the lowest chloride diffusion
coefficient even below that of the finer glass powder at 30% replacement levels. Some percentage of
glass powder is clearly necessary to refine the pore structure of the concrete, but additions beyond
20% appear to be less effective. The beneficial effect of having a more finely ground glass powder was
observed at the 30% replacement level, but no data was available in this study beyond this level for the
most finely ground powder. It is likely that there is improved performance below a 30% replacement,
with a more finely ground glass powder, however further work is needed to identify the optimal binder
replacement level and powder size.
Comparison of Service-Life in Chloride Ex os re on ition
In order to understand the effect of the higher diffusion decay index of glass po der concrete
mixes, the service-life in terms of corrosion initiation time was predicted using Life 365® software [41].
A concrete cover depth of 50 mm, a threshold concentration of 0.05% (by mass of concrete) and a marine
splash zone environment were used to estimate the time until de-passivation of the steel. The diffusion
coefficient (D28) and diffusion decay coefficient (m) obtained from the reported experiments were also
used in the model. Figure 16 shows the predicted time for the initiation of corrosion for the different
concrete mixes. A distinct advantage in terms of increased time until corrosion initiation was observed
for glass powder containing mixes. The predicted service-life for glass powder concrete mixes is
greater than GP concrete irrespective of the particle size of the glass powder or the replacement levels.
At a similar replacement level of 30%, an increase of approximately 2 to 3.5 times the service-life is
observed for glass powder concrete mixes (10G30% and 20G30%) compared to FAF30%. A further
comparison of the effect of different binder replacement levels and types on the time to initiation is
provided in Table 6 for chloride thresholds levels of 0.1% and reinforcement covers of 75 mm.
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resistivity, chloride diffusivity and drying shrinkage of glass modified SCC were compared with GP
and fly ash mixes. The main findings from the study can be summarized as follows:
• The amount and particle size of incorporated waste glass has a significant influence on the
mechanical and durability properties of SCC. Glass powder replacement level of 20–30% showed
better performance as compared to fly ash and GP mixes. Moreover, the filling effect of
small-sized glass particles results in improved particle packing, forming a denser and less
permeable microstructure.
• The lower shrinkage strains for glass powder concrete mixes will help reduce the risk of cracking
associated with long-term drying. The drying shrinkage values of all waste glass incorporating
mixes, irrespective of their fineness and content, were below 0.075% after 56-days drying and met
the requirements of the Australian Standard AS 3600.
• The lower oxygen permeability and chloride diffusion coefficient along with high electrical
resistivity of glass incorporated SCC mixes confirms a refinement of pore structure due to
pozzolanic reaction leading to increase in tortuosity and thereby inhibiting free movement of ions.
• The higher ageing coefficients for the glass powder mixes as compared to GP and fly ash mixes
indicate continuous evolution and refinement of the pore structure, which results in better
long-term transport performance of the binder system and considerable extension in terms of
service-life for concrete exposed to marine environment.
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